Synthesis of metallic nanoparticles by chemical and physical method makes the process often cumbersome due the usage of toxic and expensive chemicals. The present study reports the biosynthesis of silver nanoparticles using marine invertebrate (polychaete) extract at room temperature. The ultraviolet-visible (UV-Vis) spectroscopy revealed the formation of silver nanoparticles (AgNPs) by exhibiting the typical surface plasmon absorption maximum at 418-420 nm. Structure and composition of AgNPs were analyzed by atomic force microscopy (AFM). Average particle size of AgNPs ranged from 40 to 90 nm, confirmed by scanning electron microscopy (SEM) analysis. The energy-dispersive X-ray spectroscopy (EDX) of the nanoparticles dispersion confirmed the presence of elemental silver signal, whereas X-ray diffraction (XRD) substantiated the crystalline nature of synthesized nanoparticle. Fourier transform infrared spectroscopy (FTIR) spectral analysis showed the presence of amides phenols, ethers, and fatty acids as major biomolecules responsible for the reduction of silver ions. The possible mechanism responsible for the synthesis of AgNPs by these biomolecules was also illustrated by chemical reactions. The synthesized AgNPs showed comparatively good antibacterial activity against the tested human pathogens. This study advocates that not only plants and microbes but also marine invertebrates do have potential for synthesizing nanoparticles by a cost-effective and eco-friendly approach.
Introduction
Colloidal particles are receiving augmented attention as an important starting point for the fabrication of micro-and nanostructures due to their attractive physical and chemical properties which differ considerably from the bulk phase [1] . The integration of nanomaterials with biology has led to the development of diagnostic devices, various analytical tools, therapeutic applications, and drug delivery vehicles [2] . Silver nanoparticles (AgNPs) have high reactivity due to the large surface to volume ratio and play a crucial role in inhibiting bacterial growth in aqueous and solid media. For instance, AgNPs have been reported to possess antitumour [3] , antibacterial [4] , antifungal [5] , and antiviral activity [6] . The antimicrobial activity of AgNPs is influenced by the dimensions of the particles; usually the smaller the particles, the greater the antimicrobial effect [7] . The production of nanoparticles with desired shape and size can be obtained from simple bacteria to highly complex eukaryotes in the reaction mixture [4, 8] .
However, with the development of new chemical and physical methods for the synthesis of nanoparticles, the concern for environmental contaminations is also increasing. Living organisms have enormous potential for the production of nanoparticles. The ability of plants and microbes to produce nanoparticles has featured exciting loom towards the escalation of natural nanofactories. This phenomenon has brought an insight among researchers for the development of molecules by using an elegant and ingenious method which is precise and efficient [9] . The synthesis of nanoparticles by using biological systems is advantageous over chemical and physical methods as it is cost effective and environmentfriendly which does not require high pressure, energy, temperature, or toxic chemicals [10] .
Journal of Nanoparticles
In recent years, many bioactive compounds and nanoparticles have been synthesized from various terrestrial and marine organisms [11] . However, such attempts are curbed mainly to plants and microbes [12] . There is dearth of information available regarding the synthesis of nanoparticles from marine invertebrates. Polychaetes, the major taxonomic group in estuarine and marine ecosystems, occupy a large infaunal habitat and play an important role in bioturbation, transfer of organic materials and nutrients from the overlying water column to the sediment and vice versa [13, 14] . Polychaetes are valued by the aquaculture industry as an excellent source of polyunsaturated fatty acids (PUFAs), and they have the potential to supplement fish oil as sources of essential lipid components of feeds [15] and hence they are also entitled as Omega worms [16] . Therefore, in the present study an attempt was made to address the following questions. 
Materials and Methods

Chemicals.
All analytical reagents and bacteriological media were purchased from Hi-Media Laboratories, Mumbai, India. All media and solutions were prepared in doubledistilled Milli-Q water. All the experiments were performed in triplicate.
Sample Collection.
Polychaetes were collected during the low tide from sediments of Uppanar estuary (latitude 11 ∘ 40 20.29 N; longitude 79 ∘ 45 15.79 E) Cuddalore, Tamil Nadu, and washed thoroughly with distilled water to remove the unsolicited dirt particles.
Preparation of Polychaete Extract.
The polychaete sample (∼10 g) was finely pulverized using mortar and pestle. The extract was made up to 100 mL using double-distilled Milli-Q water. Then the extract was filtered through Whatman number 1 filter paper to separate the tissue rubbles and obtain a pure extract.
Synthesis of Silver Nanoparticles.
The polychaete filtrate was used as reducing agent and stabilizer for the synthesis of AgNPs. 10 mL of the filtrate was mixed with 90 mL of 1 mM silver nitrate solution in a 250 mL Erlenmeyer flask and agitated at room temperature in dark. A flask containing 10 mL Milli-Q and 90 mL 1 mM silver nitrate solution was taken as control. The change in colour was visually monitored till the appearance of typical dark brown colour.
Characterization of Nanoparticles
2.5.1. Spectroscopic Validation. After 24 hours of incubation, one mL of sample was withdrawn every six hours and the optical density (OD) was taken at a broad range of wavelengths from 300 to 700 nm using a UV-visible spectrophotometer (UV 2450, Shimadzu) and the graph was plotted based on the OD readings by automated software UV Probe.
Atomic Force Microscopy.
In order to further characterize the size and dispersion of the silver nanoparticles, the colloidal solution was dried as a thin layer on mica-based glass slide (1 mm × 1 mm × 1 mm) followed by visualization under the atomic force microscope (AFM), model N9410A series 5500, Agilent.
X-Ray Diffraction
Pattern. The X-ray diffraction (XRD) measurement of silver nanoparticles was carried out using Cu-K radiation source in a wide range of Bragg angles 2 at a scanning rate of 0.388/min in powder diffractometer (PANalyticalX per PRO model X-ray diffractometer), at the voltage of 50 kV and a current of 30 mA.
Scanning Electron Microscopy (SEM) and EnergyDispersive X-Ray (EDX) Analysis.
The sample was kept on copper grid stained with uranyl acetate and lead citrate and was observed under JEOL-JSM-5610LV scanning electron microscope (SEM). Energy-dispersive X-ray spectroscopy (EDS) analysis was also carried out for the detection of elemental silver by using INCA EDS.
Fourier Transform Infrared Spectroscopy (FTIR) Measurements.
The polychaete sample before and after the synthesis of AgNPs was freeze-dried and pelleted with potassium bromide (KBr) in the ratio of 1 : 10 and subjected for FTIR spectroscopic measurement (Nicolet IS5, Thermo Scientific). The wavenumber ranged from 450 to 2500 cm −1 with the resolution of 4 cm −1 and was analyzed by subtracting the spectrum of pure KBr.
Assessment of Antibacterial Activity.
Antibacterial activity of the synthesized AgNPs was determined by using the Kirby-Bauer disc diffusion method [17] against five human pathogens, namely, Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Vibrio parahaemolyticus, and Salmonella typhi. All the pathogenic bacterial strains were obtained from Raja Muthiah Medical College, Annamalai University, Tamil Nadu, India. Stock cultures were maintained at 4 ∘ C on agar slants of nutrient media. Prior to the experiment, pure cultures were subcultured in Muller Hinton broth and incubated overnight at 37 ∘ C. The inoculums suspensions were swabbed uniformly in different Petri plates. Filter paper discs saturated with AgNPs were placed aseptically in the plates with the help of sterile forceps and incubated at 37 ∘ C. Tetracycline and distilled water were taken as positive and negative control, respectively. After 24 hours of incubation, the zone of inhibition was observed and measured.
Results
The successful synthesis of AgNPs by polychaete extract was evident by the formation of dark brown colour. The control (1 mM AgNO 3 ) solution does not exhibit any color change ( Figure 1 ). The gradual change in colour was observed immediately after two hours of incubation. However, fully dark brown colour appeared only after 72 hours. But the handling and processing of the extract were less stringent compared to chemical and physical methods. The intermittent UVVis spectral observation of the synthesized nanoparticle showed no significant shift in the absorbance intensity as well as absorption maxima indicating the uniform particle size throughout the experiment.
UV-Vis Spectra Analysis.
The UV-visible spectrophotometric analysis of colloidal reaction mixture of the synthesized AgNPs showed peak at 418-420 nm in the spectrum. The stability of the nanoparticle was also verified. No precipitation was observed in the reaction mixture for the period of six months. The evidence of surface plasmon resonance phenomenon (SPR) is shown in Figure 2 .
Atomic Force Microscopic Analysis.
The atomic force microscopy (AFM) results displayed the surface morphology of the polydispersed AgNPs. The particle size of the AgNPs ranged from 40 to 90 nm. The topographical image of AgNPs in particular bright spots indicated that they are agglomerated and formed distinct nanoparticles mostly spherical in shape (Figures 3(a) and 3(b) ).
SEM and EDS Analysis.
Scanning electron microscopy provided further insight into the morphology and size details of the synthesized nanoparticles. The SEM image showed relatively spherical and triangular shaped nanoparticle with diameter ranging from 40 to 90 nm (Figure 4(a) ). This further substantiated the result of AFM analysis. The SEM image also showed polydispersed nanoparticles on the surface. Energydispersive X-ray (EDX) analysis further confirmed the presence of elemental silver signals of the silver nanoparticles (Figure 4(b) ). 
X-Ray Diffraction
FTIR Analysis and Possible Mechanism for the Synthesis of AgNPs.
To identify the possible biomolecules responsible for efficient stabilization of the silver nanoparticles, the polychaete extract and the synthesized nanoparticle were subjected for FTIR spectral studies. The comparative FTIR profile, before and after synthesis of AgNPs, is depicted in Figure 6 . The spectra revealed the presence of prominent peaks at 3345, 2922, 1670, 1384, 1088, and 1037 cm
corresponding to different functional groups, namely, NH, OH, C≡N, N-O, C=C, C-N, and C=CH 2 , in synthesized nanoparticles, analogous to the well-known signatures in the infrared region of the electromagnetic spectrum ( Figure 6 ). Before synthesis of AgNPs, mainly 3408, 2931, 1645, and 1033 were the prominent peaks conforming the presence of C-X, C-O, C-C, C=O, C-H, and N-H groups. The possible chemical reaction which might be responsible for the synthesis of AgNPs is illustrated in Figure 7 . The structures were used based on our previous findings using GC-MS analysis [14] .
Antibacterial Activity.
Antimicrobial effects of the synthesized silver nanoparticles were evaluated against five human pathogens (Figure 8 ). The maximum antibacterial activity was observed against Staphylococcus aureus which showed 13 mm zone of inhibition followed by Escherichia coli (10 mm), Pseudomonas aeruginosa (10 mm), and Salmonella typhi (9 mm). The lowest was noticed against Vibrio parahaemolyticus (8 mm). However, from Figure 7 it is quite evident that the positive control (tetracycline) also showed better zone of inhibition ranging from 12 to 14 mm.
Discussion
Owing to the applicability of silver nanoparticles in wide sectors, its demand is increasing at an overwhelming rate which has resulted in increased production. Researchers are continuously developing newer methods for synthesis of highly monodispersed silver nanoparticles which are efficient in terms of synthesis rate as well as energy usage. Biological methods have emerged as an alternative to the conventional methods for synthesis of nanoparticles. The appearance of dark brown is a clear indication of the formation of silver nanoparticles formed in the reaction mixture [18] . Marine source has recently been explored for the synthesis of gold nanoparticles from sponge, Acanthella elongata [1] . However, the present report is the first attempt to test the efficacy of marine polychaete for the synthesis of silver nanoparticle. Synthesis of inorganic nanoparticles by biological systems makes nanoparticles more biocompatible and environmentally benign [19] and cost effective [20] . Silver nanoparticles exhibit new optical properties, which are observed neither in molecules nor in bulk metals. The synthesized nanoparticle exhibited peak at 418-420 nm in the spectrum. This band appears due to the surface plasmonoscillation modes of conduction electrons which are coupled through the surface to external electromagnetic fields [21] . Figure 6 : FTIR spectrum (transmittance mode) of the polychaete extract after synthesis of silver nanoparticles. Electrons are limited to specific vibration modes by the particle's size and shape. Therefore, metallic nanoparticles have characteristic optical absorption spectrums in the UVVis region [22] . Many plants and bacteria as well as fungal species have been used for silver nanoparticle synthesis [23] .
But most of them have been reported to accumulate AgNPs intracellularly. Intracellular synthesis always takes longer reaction times and also demands subsequent extraction and recovery steps [24] . On the contrary, the present study reports the successful biosynthesis of AgNPs from marine polychaetes with longer reaction time (72 hours) for complete synthesis. The exact reasons and mechanisms need to be explored in this particular species. AFM analysis showed that the particle size of the AgNPs ranged from 40 to 90 nm. The topographical image indicated agglomeration of the nanoparticle which could be attributed to the fact that AgNPs tend to form aggregates on the surface during deposition [25] . Scanning electron microscopy image showed spherical and triangular shaped polydispersed nanoparticles. The shape and size of the metal nanoparticles considerably change the optical and electronic properties [26] . The XRD patterns clearly revealed the crystalline nature of the biosynthesized silver nanoparticles. The peaks corresponding to the 2 = 38. FTIR has become an important tool in understanding the involvement of functional groups in relation between metal particles and biomolecules. The amide group corresponds to the presence of enzymes which are further prerequisite for the reduction synthesis and stabilization of the metal ions [27] . The presence of other functional groups such as OH, N-O, C=C, C-N, and C=CH 2 may have an effective role in the synthesis of AgNPs. The probable chemical reactions showed that the synthesis and stabilization of AgNPs are mainly achieved by the phenols, ether, sterols, and fatty acids present in the extract. Higher content of lipid, fatty acid, and glycosaminoglycan (GAG) has been reported from the polychaete species, Sabella spallanzanii [14, 15] .
The synthesized nanoparticle showed better antibacterial activity against all the five human pathogens evident by zone of inhibition ranging from 8 to 13 mm diameter. The maximum antibacterial activity was observed against Staphylococcus aureus and least antibacterial activity was observed against Vibrio parahaemolyticus. Previous study on antibacterial activity of the crude methanolic extract from polychaete has shown maximum inhibition (8 mm) against S. aureus [13] . Though silver nanoparticles find use in many antibacterial applications, the mechanism of action on microbes is still obscure. However, there are various proposed mechanisms involved in cell lysis and growth inhibition which shows that the inhibition is due to ionic binding of the AgNPs on the surface of the bacteria which creates a great intensity of the proton motive force [8] . Moreover, the small size of these particles facilitates the penetration through cell membranes and affects intracellular processes [10] . Silver nanoparticles have been reported to have strong bactericidal activity against Gram-negative, Gram-positive and multidrug resistant bacterial strains [28] .
Conclusion
The present study reports the synthesis of silver nanoparticle from marine polychaete by an economical, efficient, ecofriendly, and simple process. The characterization study by UV-Vis spectroscopy, AFM, SEM, EDX, XRD, and FTIR analysis evidenced the formation of AgNPs. The synthesized nanoparticles showed promising antimicrobial activity against human pathogenic bacterial strains. The silver nanoparticle solution exhibited excellent stability for six months from the date of synthesis. The possible mechanism responsible for the synthesis of AgNPs was also illustrated. To the best of our knowledge, this is the first report on synthesis of silver nanoparticles from marine polychaete. This study provides the baseline information for synthesis of colloidal particle from marine resources especially polychaetes and calls for further exploration of the unexplored marine flora and fauna for their potent novel applications.
